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ABSTRACT: Granule-bound starch synthase I (GBSSI) and starch branching enzyme I and II 18 
(SBEI and SBEII) are crucial enzymes biosynthesizing starches with varied apparent amylose 19 
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content and amylopectin branching structure. With a sweet potato (Ipomoea batatas [L.] Lam.) 20 
Cv. Xushu22, this work shows that downregulating GBSSI (for waxy starch) or SBE (for high-21 
amylose starch) activity allowed the formation of new semicrystalline lamellae (named Type II) 22 
in sweet potato starch in addition to the widely reported Type I lamellae. Small-angle X-ray 23 
scattering (SAXS) results show that, compared to Type I lamellae, Type II lamellae displayed 24 
increased average thickness and thickness distribution width, with thickened amorphous and 25 
crystalline components. The size-exclusion chromatography (SEC) data revealed mainly two 26 
enzyme-sets (i and ii) synthesizing amylopectin chains. Reducing the GBSSI or SBE activity 27 
increased the amounts of amylopectin long chains (degree of polymerization (DP) ≥ 33). 28 
Combined SAXS and SEC analyses indicate that part of these long chains from enzyme-set (i) 29 
could be confined to Type II lamellae, followed by DP ≤ 32 short chains in Type I lamellae and 30 
the rest long chains from enzyme-sets (i) and (ii) spanning more than a single lamella. 31 
  32 
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Introduction 33 
In green plants, the biosynthesis of natural polymers, such as starch, protein and cellulose, stands 34 
at the core of providing agro-resources for food and non-food products with demanded features. 35 
Starch, a storage carbohydrate in plants (e.g., maize, wheat, rice, potato, cassava, sweet potato), 36 
normally serves as a crucial food ingredient offering energy for humans. The biosynthesis of starch 37 
is mainly governed by four categories of enzymes, namely, ADP-glucose pyrophosphorylase 38 
(AGPase), starch synthases (SSs), starch branching enzymes (SBEs) and starch debranching 39 
enzymes (DBEs).1-2 Modulating the activities of starch biosynthetic enzymes could be a cost-40 
effective approach for the production of starch resources with tailored structure and properties.  41 
Two major starch polymers are biosynthesized during plant growth, namely, relatively linear 42 
amylose and highly branched amylopectin.3 The molecular chains of amylose and amylopectin can 43 
assemble on different length scales to form a multilevel structural system of the starch granule, 44 
including the whole granule, growth rings, blocklets, semicrystalline lamellae, crystalline 45 
structure, and double/single helices.3-6 The multi-level structural features are closely related to 46 
starch properties. To date, maize, rice, and sweet potato starches with varied apparent amylose 47 
content (0% to > 50%) and amylopectin branching structure have been produced through 48 
modifying the activities of biosynthetic enzymes such as granule-bound starch synthase (GBSS), 49 
and/or SBE.7-8 Compared to the wild-type (WT) starch and the waxy starch with GBSS 50 
downregulation, the high-amylose starches (apparent amylose content > 50%) with SBE 51 
downregulation show an enhanced granule surface density but a reduced crystallinity degree with 52 
B-type crystallites and eventually unique properties such as reduced enzyme susceptibility,9-10 53 
higher gelatinization temperature,11 and altered rheological features.12 Consequently, the high-54 
amylose starches have versatile potentials for functional foods with low glycemic indexes and for 55 
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high-performance materials with fascinating functions (e.g., bioactive compound delivery). 56 
However, though the main assembly of starch chains on the nanoscale is the semicrystalline 57 
lamellar structure, it is still not fully understood how the amylose-content-related biosynthetic 58 
enzymes (e.g., GBSS and SBE) tailor the features of starch lamellae, which subsequently 59 
determine the starch properties and functionality.  60 
The starch lamellae can be characterized using small-angle X-ray scattering (SAXS) technique 61 
with the paracrystalline model,13-14 the liquid-crystalline model15 and the linear correlation 62 
function.16 A series of lamellar parameters such as the average thickness of semicrystalline 63 
lamellae can be obtained for starches from various origins, e.g., wheat, maize, rice, potato, cassava, 64 
and water chestnut.17-21 It is noteworthy that the change in apparent amylose content probably 65 
alters starch lamellar features.9, 19 For instance, compared to regular starch, high-amylose starches 66 
from potato display different lamellar packing whose features can be evaluated using the scattering 67 
data and the paracrystalline model with a stacking disorder nature.19 Nonetheless, to model the 68 
structural parameters, this study still needs complicated predefined assumptions for the lamellar 69 
structure and the usage of fixed values for partial parameters. Thus, it remains challenging to 70 
simply and straightforwardly calculate the lamellar parameters of starches with varied apparent 71 
amylose content and amylopectin branching structure from the SAXS data. In addition, starch 72 
chains can assemble into crystalline lamellae to construct semicrystalline growth rings. 73 
Consistently, the chain length distributions (CLDs) are capable of affecting the lamellar parameters 74 
of rice starches with apparent amylose content up to 24%.22-23 However, the previous studies did 75 
not concern how the biosynthetic enzymes (e.g., GBSS and SBE) alter the CLDs of starch and thus 76 
its nanoscale chain assembly in lamellae, with apparent amylose content in much wider ranges 77 
such as from 0% to >50%.  78 
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To this end, a WT sweet potato (Ipomoea batatas [L.] Lam.) and its waxy (produced by granule-79 
bound starch synthase I (GBSSI) with downregulated activity) and high-amylose (produced by 80 
SBE with downregulated activity) lines were used as the model plants for the biosynthesis of WT 81 
and tailored starches with ca. 6% to 65% apparent amylose content. The small angle X-ray 82 
scattering (SAXS) technique was applied to characterize the semicrystalline lamellae of the 83 
starches. Interestingly, a new type of semicrystalline lamellae was found and a fitting method was 84 
proposed to resolve the lamellar peak and its subpeaks from the whole SAXS pattern. The fitted 85 
lamellar peaks were used to straightforwardly calculate the fine parameters for the two types of 86 
starch lamellae with a linear correlation function. Along with that, the CLDs of starch and the 87 
related starch biosynthetic enzyme activities were analyzed using the SEC data. Then, from a CLD 88 
point of view, we discussed how the GBSSI or SBE downregulation tailors the starch lamellar 89 
structure.  90 
Experimental Section 91 
Materials.  The sweet potato (Ipomoea batatas [L.] Lam.) Cv. Xushu22, a widely used cultivar 92 
for starch production in China, was used as the donor cultivar (WT) for modification. A method 93 
described previously24 was applied to generate modified sweet potato plants. One waxy line 94 
(namely Waxy-91) with downregulated GBSSI expression and three high-amylose lines (HAM-95 
75, HAM-214, and HAM-234) with downregulated SBE expression were chosen for this study. 96 
The expressions of SBEI (GenBank Accession No. AB071286.1) and SBEII (GenBank Accession 97 
No. AB194723.1) were downregulated. The WT plant and its modified lines were cultivated in the 98 
experimental station, Demonstration Base for Molecular Breeding and New Variety of Sweet 99 
Potato (117°15'16'', 36°5'56'') in Tai’an City (Shandong, China) in early May 2014. The storage 100 
roots were harvested in the mid of October 2014, and the starches were isolated using an earlier 101 
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method.25 The obtained starches were dried in an oven at 40 °C for 1 day and were ground and 102 
stored in a low-humidity cabinet HZD-1000 (Biofuture Ltd., Beijing, China) for further analyses. 103 
As measured using an iodine colorimetric method 7, 26, the apparent amylose content for WT and 104 
Waxy-91 was (30.4±0.6)% and (6.7±1.0)%, respectively, while HAM-75, HAM-214, and HAM-105 
234 had apparent amylose contents of (50.3±2.5)%, (65.5±0.6)%, and (61.0±2.6)%, respectively 106 
(shown in Table 1). The WT and waxy sweet potato starches showed an A-type crystalline 107 
structure, and the high-amylose ones presented B-type structures (see XRD patterns in Fig. S1 in 108 
Supplementary Material).  109 
Small-angle X-ray Scattering (SAXS).  SAXS measurements were conducted on a NanoSTAR 110 
system (Bruker, Germany) operated at 30 W. The Cu Kα radiation27 having a 0.1542 nm 111 
wavelength (λ) was used as the X-ray source. Before the SAXS tests, the starch slurries with a 112 
starch concentration of ca. 40% were kept under ambient conditions for 4 h to achieve equilibrium 113 
samples. According to previous research,28-29 dry starch is in the glassy nematic state, whereas the 114 
hydrated starch forms a lamellar smectic structure with highly mobile backbone and spacers. Each 115 
starch slurry was placed into the sample cell, which was then exposed at the incident X-ray 116 
monochromatic beam for 15 min. The scattering data were collected using a VÅnTeC-2000 117 
detector (active area 140 × 140 mm2 and pixel size 68 × 68 μm2). The scattering of an empty cell 118 
with water was used as the background data. All data were background subtracted and normalized. 119 
The data in the region of ca. 0.007 < q < 0.20 Å−1 were used as the SAXS results. The scattering 120 
vector, q (Å−1), was defined as q = 4πsinθ/λ (2θ, the scattering angle).30 121 
Fitting and Analysis of SAXS data.  A fitting approach with two Gaussian plus Lorentz peak 122 
functions and a power-law function was established to fit the SAXS patterns. The SAXS data were 123 
fitted iteratively in Origin 8 software (OriginLab. Inc., USA). The fitting coefficients for each 124 
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iteration were refined to minimize the value of chi-squared via a nonlinear, least-squares 125 
refinement method. Then, the structural features of starch semicrystalline lamellae were calculated 126 
using the linear correlation function (presented in Eq.(5)).31-33  127 
Size-exclusion Chromatography (SEC).  The SEC experiments were conducted according to 128 
an earlier method with modifications.34 The starch was dissolved in a DMSO/LiBr solution 129 
containing 0.5% (w/w) LiBr. The possibly-existing non-starch polysaccharides such as cellulose 130 
in the sample are mostly insoluble, and were removed by centrifuging the starch-DMSO solution 131 
at 4000 g for 10 min. The supernatant was mixed with ethanol (6 volumes of DMSO/LiBr) to 132 
precipitate the starch, and the precipitated starch was collected by centrifugation at 4000 g for 133 
10 min. The precipitated starch was dissolved in DMSO/LiBr at 80 °C overnight. The starch 134 
concentration in DMSO/LiBr was determined using the Megazyme total starch assay kit and 135 
adjusted to 2 mg/mL for SEC analysis. Briefly, the starch solution was centrifuged at 4000 g for 136 
10 min; 2 mL of the supernatant was digested and the glucose released from starch was determined 137 
by absorbance at a wavelength of 510 nm using the procedures given by the assay kit manufacturer. 138 
To obtain the chain length distributions (CLDs) of debranched starch molecules, the starch samples 139 
were debranched using isoamylase according to a previous method.35 The Agilent 1100 Series 140 
SEC system was used, with GRAM precolumn, GRAM 100 and GRAM 1000 columns (PSS, 141 
Germany) at a flow rate of 0.6 mL/min. For the debranched starch containing linear molecules, the 142 
value of hydrodynamic volume Vh was converted to the degree of polymerization (DP) using the 143 
Mark–Houwink equation.36  144 
Starch Biosynthetic Enzyme Activities Fitted from Number CLDs.  A mathematical model 145 
was used to fit the number CLDs of debranched amylopectin to parameterize the relative activities 146 
of three core classes of starch biosynthetic enzymes, namely, SSs including GBSS, SBE and 147 
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DBE.37-38 A theoretical “enzyme set” is defined as a groups of these three enzymes, which includes 148 
one of SS, SBE, and DBE, regardless of the actual informs.37-38 In the present work, the 149 
amylopectin CLDs were mainly contributed by enzyme-sets (i) and (ii).  150 
Statistical Analysis.  Data were expressed as means ± standard deviations (SD) and were 151 
statistically analyzed using IBM SPSS software version 20.0 (Chicago, IL, USA). A statistical 152 
difference of P < 0.05 was considered to be significant. 153 
Results and Discussion 154 
General Features of SAXS Data.  The logarithmic SAXS patterns of WT and modified sweet 155 
potato starches are presented in Fig. S2. The starches displayed a typical scattering peak at ca. 156 
0.065 Å−1 (labelled as Peak I), ascribed to the widely-reported semicrystalline lamellae in starch.39 157 
Interestingly, the high-amylose starches, resulting from the downregulated SBE activity, had a less 158 
resolved shoulder peak at ca. 0.040 Å−1 (labelled as Peak II). Such dual-peak scattering pattern of 159 
starch semicrystalline lamellae was different from the extensively found results where a single 160 
lamellar peak was shown 33, 39. The results here confirmed the existence of a notable proportion of 161 
thicker semicrystalline lamellae (proposed as Type II shown by Peak II) in the high-amylose 162 
starches, other than the typical Type I semicrystalline lamellae revealed by the Peak I at ca. 163 
0.065 Å−1.  164 
Research has shown the SAXS data of high-amylose maize starches, which have a typical single 165 
lamellar peak.10, 40 Also, the SAXS data for high-amylose potato starches at q values higher than 166 
0.02 Å−1 were collected.19 It seems that the used q range could not sufficiently cover the lamellar 167 
peak especially at the low angles, and thus it is difficult to observe the full information of lamellar 168 
scattering possibly including a dual-peak pattern. In that case, the paracrystalline model 169 
accompanied by stacking disorder was applied to describe the lamellar structure, followed by 170 
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complicated predefined assumptions of the lamellar stacking and the usage of partial constant 171 
lamellar parameters before data fitting.19 Here, the scattering data in the range of ca. 0.007 < q < 172 
0.20 Å−1 were recorded for the sweet potato starches to show the full dual-peak pattern associated 173 
with the lamellar structure of the amylose-rich starches. In the following, a fitting method based 174 
on combined functions (e.g., Gaussian, Lorentz, and power law) was established to fit the net 175 
lamellar scattering from the SAXS data. Then, the fitted lamellar scattering was used to acquire 176 
the linear correlation function profile with the elimination of non-lamellar scattering.41 In this way, 177 
the fine parameters of the two sub-lamellar fractions (Type I and Type II) with increased accuracy 178 
could be calculated straightforwardly. 179 
Fitting of SAXS Data.  Two Gaussian plus Lorentz peak functions and a power-law function 180 
(Eq. (1)-(3)) were used to fit the scattering data for the high-amylose sweet potato starches with 181 
unresolved Peak I and Peak II. This dual-peak fitting method was also applied for the waxy starch 182 
(with downregulated GBSSI activity) that did not show a prominent Peak II (Fig. S2 in 183 
Supplementary Material), since using only one Gaussian plus Lorentz peak function could not 184 
sufficiently fit the scattering pattern (see the single-peak fitting for waxy starch in Fig. S3 in 185 
Supplementary Material). Nevertheless, for the WT starch, one Gaussian plus Lorentz peak 186 
function (with a power-law function) was enough for the desired fitting.  187 
 (1) 188 
       (2) 189 
        (3) 190 
𝐼 𝑞 = 𝐵 + 𝐶 ∗ 𝑞− + 𝑓1 ∗ 𝐺1 𝑞 +  1 − 𝑓1 ∗ 𝐿1 𝑞 + 𝑓2 ∗ 𝐺2 𝑞 +  1 − 𝑓2 ∗ 𝐿2 𝑞     1 
𝐿𝑥 𝑞 =
2𝐴𝑥
π
∗
2𝑊𝑥
4(𝑞 − 𝑞𝑥)2 + 𝑊𝑥
2       1 
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In Eq. (1), the first term, B, is the scattering background; the second term, the power-law function 191 
in which C and  are the power-law prefactor and the power-law component, respectively; the 192 
third or fifth term, the Gaussian function; the fourth or sixth term, the Lorentz function; f1 and f2, 193 
the prefactors for Peak I at ca. 0.065 Å−1 and Peak II at ca. 0.040 Å−1, respectively. Again, in Eq. 194 
(2) (Gaussian function, Gx(q)) and Eq. (3) (Lorentz function, Lx(q)), Ax is the peak area, Wx (Å
−1) 195 
the peak full width at half-maximum (FWHM) in reciprocal space, and qx (Å
−1) the peak center 196 
position; x = 1 and x = 2 correspond to Peak I and Peak II, respectively. Fig. 1 shows the SAXS 197 
patterns and their fit curves for WT and modified sweet potato starches. The results show that all 198 
SAXS patterns could be properly fitted using the above established fitting approach with Eqs. (1)-199 
(3).  200 
 201 
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  203 
 204 
Fig. 1 Logarithmic SAXS patterns and their fit curves of wild-type (WT) (A) and modified (Waxy-205 
91, HAM-75, HAM-214 and HAM-234) (B-E) sweet potato starches. 206 
 207 
Thickness Distribution of Semicrystalline Lamellae.  By subtracting the background 208 
scattering (1st term in Eq. (1)) and the power-law scattering (2nd term in Eq. (1)) from the whole 209 
SAXS pattern, the net scattering of lamellar peak could be acquired. Then, the ordinate scattering 210 
intensity was normalized using its maximum, and the abscissa q values were transformed into 211 
lamellar thickness values equal to 2π/q. Consequently, the thickness distribution profiles of 212 
semicrystalline lamellae were revealed for sweet potato starches (Fig. 2). The WT starch contained 213 
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only Type I semicrystalline lamellae with a single-peak thickness distribution mainly in the range 214 
of predominantly 5–20 nm. Nonetheless, the waxy and high-amylose starches displayed a dual-215 
peak lamellar thickness distribution, as they had additional Type II semicrystalline lamellae with 216 
a thickness distribution range of mainly 10–50 nm. Note that the waxy sample showed a very weak 217 
Type II distribution. That is, compared to GBSSI downregulation, the downregulated SBE activity 218 
more effectively induced the formation of Type II semicrystalline lamellae in addition to typical 219 
Type I lamellae. This is associated with the altered arrangement of biosynthesized starch molecule 220 
chains within the lamellar regions, as discussed especially in the last section.  221 
 222 
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 225 
Fig. 2 Semicrystalline lamellar thickness distributions of wild-type (WT) (A) and modified (Waxy-226 
91, HAM-75, HAM-214 and HAM-234) (B-E) sweet potato starches. Solid lines represent whole 227 
distribution profiles; short dash lines represent profiles related to Type I semicrystalline lamellae; 228 
dash-dot lines represent profiles related to Type II semicrystalline lamellae. 229 
 230 
Table 1 shows the fitted peak positions (q1 and q2) and FWHM values in reciprocal space (W1 231 
and W2) for the subpeaks I and II. Then, FWHM in reciprocal space was converted into the real 232 
space value with Eq. (4). This real space value is positive to the thickness distribution width of 233 
semicrystalline lamellae.42  234 
      (4) 235 
Here, Wx (Å
−1) is the FWHM in reciprocal space, and qx (Å
−1) the peak position; subscript x = 1 236 
and x = 2 belong to Peak I and Peak II, respectively. In Table 1, Type II lamellae had a larger 237 
FWHM value than did Type I lamellae. Enhancing SBE downregulation (shown by increased 238 
apparent amylose content) led to a gradual increase in FWHM for Type I lamellae of all the 239 
starches, and a modest increase in this parameter for Type II lamellae of the high-amylose samples. 240 
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Relative to the amylose-rich starches, the waxy starch had a slightly-increased FWHM of Type II 241 
lamellae. 242 
 243 
Table 1 Apparent amylose content and SAXS parameters of wild-type (WT) and modified (Waxy-244 
91, HAM-75, HAM-214 and HAM-234) sweet potato starches A 245 
 
 
WT Waxy-91 HAM-75 HAM-214 HAM-234 
 AC 30.4±0.6d 6.7±1.0e 50.3±2.5c 65.5±0.6a 61.0±2.6b 
  2.92±0.02bc 2.67±0.03d 3.09±0.03a 2.88±0.03c 2.96±0.03b 
Peak I A1 4.05±0.12
b 8.33±0.14a 3.43±0.50c 4.58±1.11bc 4.15±0.88bc 
 q1 (Å
−1) 0.0642±0.0001b 0.0656±0.0002a 0.0640±0.0013bc 0.0575±0.0036d 0.0600±0.0028cd 
 W1 (Å
−1) 0.0256±0.0005c 0.0259±0.0004c 0.0330±0.0019b 0.0417±0.0042a 0.0391±0.0036a 
 FWHM1 (nm) 3.90±0.07
d 3.77±0.05e 5.05±0.08c 7.92±0.19a 6.82±0.03b 
Peak II A2 - 1.59±0.18
b 2.29±0.46 a 1.80±0.96 ab 2.04±0.77ab 
 q2 (Å
−1) - 0.0347±0.0009b 0.0395±0.0018a 0.0352±0.0023b 0.0364±0.0022ab 
 W2 (Å
−1) - 0.0263±0.0027a 0.0294±0.0034a 0.0255±0.0049a 0.0265±0.0042a 
 FWHM2 (nm) - 13.70±0.74
a 11.79±0.30b 12.92±0.86ab 12.52±0.50ab 
 Chi2 26.68 58.39 39.81 32.78 42.81 
A AC, apparent amylose content (%). Parameters from SAXS data fitting: , power-law exponent; 246 
A1 or A2, lamellar peak area; q1 or q2, lamellar peak position; W1 or W2, peak full width at half 247 
maximum in reciprocal space; FWHM1 or FWHM2, peak full width at half maximum in real space; 248 
Chi2, reduced Chi-square of fitting. 249 
B The different inline letters within a row indicate significant difference P < 0.05. 250 
 251 
Average Thicknesses of Semicrystalline, Amorphous and Crystalline Lamellae.  The fitted 252 
net lamellar peak and its two subpeaks from the whole SAXS pattern were used to calculate the 253 
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parameters of starch semicrystalline lamellae with increased accuracy.41 This was achieved using 254 
the linear correlation function f(r) in Eq. (5) and Fig. S4 in Supplementary Material.31-32  255 
                                          (5) 256 
In Eq. (5), r (nm) is the distance in real space. In Fig. S4 in Supplementary Material, d is the 257 
second maximum of f(r) (equal to the average thickness of semicrystalline lamellae); da, the 258 
average thickness of amorphous lamellae, is acquired by the solution of the linear region and the 259 
flat f(r) minimum; dc, the average thickness of crystalline lamellae, is calculated by dc = d – da.  260 
Fig. 3 includes the whole linear correlation function profiles and their subprofiles related to Type 261 
I or Type II semicrystalline lamellae for WT and modified sweet potato starches. The second 262 
maximum abscissa value (d) of the Type II profile (dash-dot line) was larger than that of the Type 263 
I profile (short dash line). Consequently, this abscissa value of the whole profile (real line), related 264 
to both Type I and Type II lamellae, ranged somewhere between those two values for the Type I 265 
profile and the Type II profile, respectively. Also, relative to the high-amylose starches, the waxy 266 
starch had a small Peak II, and thus showed a whole profile close to the Type I profile (Fig. 3B).  267 
 268 
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  270 
 271 
Fig. 3 Linear correlation function profiles of wild-type (WT) (A) and modified (Waxy-91, HAM-272 
75, HAM-214 and HAM-234) (B-E) sweet potato starches. The solid line represents the whole 273 
profile; the short dash line represents the profile related to Type I semicrystalline lamellae; the 274 
dash-dot line represents the profile related to Type II semicrystalline lamellae. 275 
 276 
Table 2 records the lamellar parameters for WT and modified sweet potato starches. Relative to 277 
Type I lamellae, Type II lamellae showed thicker amorphous (da) and crystalline (dc) parts, and 278 
thus an elevated average thickness (d). For Type I lamellae in high-amylose starches, dc showed 279 
the same trend as d with negligibly changed da. This suggests that the downregulated SBE activity 280 
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could increase the average thickness of Type I lamellae by thickening the crystalline components 281 
rather than the amorphous lamellae. However, Type I lamellae in the waxy sample (with reduced 282 
GBSSI expression) had a slight decrease in dc and an increase in da, showing a slightly reduced d 283 
relative to that for the WT starch. For Type II lamellae, dc and da showed a constant trend to d, 284 
suggesting that the reduced GBSSI or SBE activity tended to simultaneously change the average 285 
thicknesses of amorphous and crystalline components with aligned starch molecule chains and 286 
thus the overall average thickness.  287 
 288 
Table 2 Lamellar parameters of wild-type (WT) and modified (Waxy-91, HAM-75, HAM-214 289 
and HAM-234) sweet potato starches A 290 
 
 
WT Waxy-91 HAM-75 HAM-214 HAM-234 
Lamellae I d1 (nm) 9.01±0.03
cB 8.89±0.04d 8.93±0.03d 9.17±0.04a 9.08±0.03b 
 dc-1 (nm) 6.27±0.02
c 6.08±0.02e 6.23±0.00d 6.47±0.01 a 6.37±0.01 b 
 da-1 (nm) 2.74±0.01
b 2.81±0.02a 2.70±0.03b 2.70±0.03b 2.71±0.02b 
Lamellae II d2 (nm) - 14.47±0.06
a 12.78±0.04c 14.48±0.07a 13.96±0.04b 
 dc-2 (nm) - 8.72±0.02
 a 7.66±0.03c 8.69±0.02 a 8.38±0.03 b 
 da-2 (nm) - 5.75±0.04
 a 5.12±0.01 c 5.79±0.05 a 5.58±0.01 b 
A Parameters from linear correlation function: d1 or d2, the average thickness of Type I or Type II 291 
semicrystalline lamellae; dc-1 or dc-2, the average thickness of the crystalline parts of Type I or 292 
Type II lamellae; da-1 or da-2, the average thickness of the amorphous parts of Type I or Type II 293 
lamellae. 294 
B The different inline letters within a row indicate significant difference P < 0.05. 295 
 296 
Chain Length Distributions (CLDs) of Debranched Starch Molecules.  To better understand 297 
the evolutions of starch chain features as affected by GBSSI or SBE downregulation, we detected 298 
the CLDs of debranched WT and modified sweet potato starches expressed as weight distribution 299 
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wde(logDP) (Fig. 4). Despite that SEC results might suffer from inaccuracies related to band 300 
broadening and the calibration between DP and elution volume 43, this issue is insignificant for the 301 
present work for semi-quantitative purposes 44. In Fig. 4, the WT starch showed typical weight 302 
CLDs with amylopectin chains of DP < 100 and amylose chains of DP ≥ 100. There were two 303 
peaks existing in the range of amylopectin chains. The first peak represents the short amylopectin 304 
chains with DP up to 32, and the second peak comprises the long amylopectin chains with DP 33–305 
100. When the GBSSI activity was reduced, the resultant waxy starch displayed largely reduced 306 
amylose chains (decreased apparent amylose content) but relatively increased long amylopectin 307 
chains. In contrast, the SBE downregulation for high-amylose samples allowed three main kinds 308 
of alteration to CLDs: (1) The first peak for short amylopectin chains centered at a higher DP but 309 
still covered DP up to 32; (2) The second peak for long amylopectin chains also moved to a higher 310 
DP and located in a largely-broadened range of DP 33–200; (3) The first and second peaks showed 311 
a reduction and an increase in height respectively, suggesting the relatively reduced amounts of 312 
short amylopectin chains or increased amounts of long amylopectin chains. These phenomena 313 
became more evident when we enhanced the suppression of SBE as indicated by the increased 314 
apparent amylose content. Moreover, the trend of apparent amylose content of HAM-75 < HAM-315 
234 < HAM-214 shown in the section on materials could be confirmed by the changes in the 316 
relative area under the CLD curve for amylose chains.  317 
 318 
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 319 
Fig. 4 SEC weight distributions of debranched wild-type (WT) and modified (Waxy-91, HAM-320 
75, HAM-214 and HAM-234) sweet potato starches. 321 
 322 
Parameterized Biosynthetic Enzyme Activities for Starch.  The weight distributions for WT 323 
and waxy sweet potato starches were converted into the number distribution Nde(DP) following 324 
wde(DP) = DP
2 Nde(DP),
36 and the number CLDs for amylopectin chains with DP < 100 are plotted 325 
in Fig. 5. A modelling method was applied to fitting the number CLDs to provide information on 326 
the relative activities of the core starch biosynthetic enzymes such as SS, SBE and DBE.38 As 327 
confirmed in Fig. 5, the amylopectin chains were predominantly synthesized by two enzyme-sets, 328 
namely, the enzyme-set (i) fitted from DP ≤ 32 chains (orange fit curve) and the enzyme-set (ii) 329 
fitted from DP 33 to 60–70 chains (pink fit curve).  330 
 331 
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  332 
  333 
 334 
Fig. 5 Number chain length distributions and their fit curves of debranched wild-type (WT) (A) 335 
and modified (Waxy-91, HAM-75, HAM-214 and HAM-234) (B-E) sweet potato starches. The 336 
black solid line represents the whole fit curve for chains from enzyme-sets (i) and (ii); The orange 337 
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dash line represents the fit curve for chains from enzyme-set (i); the pink dash-dot line represents 338 
the fit curve for chains from enzyme-set (ii). 339 
 340 
Six parameters were acquired from the fitting, including β(i) and β(ii) representing the relative 341 
activity of SBE to SS within the corresponding enzyme-set, γ(i) and γ(ii) denoting the relative 342 
activity of DBE to SS within each enzyme-set, and h(i) and h(ii) indicating the relative contribution 343 
of each enzyme-set to the whole CLDs. Table 3 lists the fitted enzyme activity parameters. No 344 
prominent differences could be seen for the six parameters among WT and waxy sweet potato 345 
starches, reflecting that reducing GBSSI expression correlated with amylose synthesis did not 346 
significantly affect the activity ratios of SBE:SS and DBE:SS as well as the contributions of 347 
enzyme-sets to the amylopectin CLDs. However, compared to the WT starch, the values of β(i), 348 
β(ii), γ(i), and γ(ii) reduced significantly for the high-amylose starches, followed by substantially 349 
increased h(ii) but negligibly changed h(i). This indicates that reducing SBE activity caused not only 350 
an expectable reduction in the activity ratio of SBE:SS but also a decrease in the activity ratio of 351 
DBE:SS, with a relatively elevated contribution of chains from enzyme-set (ii) to the whole CLDs. 352 
Again, like for the CLD evolutions in the section on CLD results, these changes were more 353 
prominent with reduced SBE activity as indicated by the increased amylose level.  354 
 355 
Table 3 Parameterized biosynthetic enzyme parameters of wild-type (WT) and modified (Waxy-356 
91, HAM-75, HAM-214 and HAM-234) sweet potato starches A 357 
 
WT Waxy-91 HAM-75 HAM-214 HAM-234 
β(i) 0.1035±0.0016aB 0.1047±0.0012a 0.0688±0.0005b 0.0598±0.0021d 0.0639±0.0016c 
β(ii) 0.0553±0.0006 a  0.0558±0.0003 a 0.0333±0.0002 b 0.0271±0.0003 d 0.0288±0.0007 c 
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γ(i) 0.0599±0.0004 a  0.0604±0.0003 a 0.0470±0.0002 b 0.0445±0.0010c 0.0463±0.0007b 
γ(ii) 0.0451±0.0004 a  0.0450±0.0005 a 0.0321±0.0002 b 0.0256±0.0003 d 0.0275±0.0008 c 
h(i) 1.0158±0.0103
 ab 1.0239±0.0066 a 1.0137±0.0025b 1.0269±0.0011 a 1.0292±0.0038 a 
h(ii) 0.0539±0.0039
b  0.0585±0.0039 b 0.0833±0.0005 a 0.0906±0.0082 a 0.0859±0.0049 a 
A β(i) or β(ii), activity ratio of SBE:SS from enzyme-set (i) or (ii); γ(i) or γ(ii), activity ratio of DBE:SS 358 
from enzyme-set (i) or (ii); h(i) or h(ii), relative contribution of enzyme-set (i) or (ii) to the whole 359 
chain length distributions. 360 
B The different inline letters within a row indicate significant difference P < 0.05. 361 
 362 
Discussion on How GBSSI or SBE Downregulation Alters Starch Lamellae.  With the CLD 363 
results and the fitted enzyme parameters, a schematic representation was proposed for the lamellar 364 
structure of starch following GBSSI or SBE downregulation (Fig. 6). The biosynthesis of starch 365 
chains and their subsequent alignment in lamellae involve the actions of different biosynthetic 366 
enzymes.45-46 Particularly, the glucan chains form by transferring the glucosyl units of ADP-367 
glucose to non-reducing ends of pre-existing glucans via new α-(1,4)-linkages through soluble SSs 368 
mainly for amylopectin and GBSS (GBSSI in storage tissues and GBSSII in other tissues) 369 
primarily for amylose.45, 47 SBEs create new glucan branches by catalyzing the cleavage of α-(1,4)-370 
linkages and transfer of the released reducing ends to glucose residues on the original or another 371 
glucan chains via α-(1,6)-linkages.48-49 DBEs such as the isoamylases trim the improperly 372 
positioned branches preventing local crystallization or side chain clustering.50-51 Here, for the WT 373 
starch from a regular cultivar, the enzyme-set (i) primarily but not exclusively synthesized the 374 
short amylopectin chains (DP ≤ 32) confined in single crystalline lamellae to construct the well-375 
known lamellar structure (Type I semicrystalline lamellae in the WT starch in Fig. 6A), and some 376 
of the long amylopectin branches (33 ≤ DP < 60–70) protruding the single lamella space to enter 377 
the contiguous amorphous lamellae (even the subsequent crystalline lamellae) 38. The other long 378 
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amylopectin chains were predominantly from the enzyme-set (ii), and protruded the single 379 
crystalline lamellae to remain in the contiguous, amorphous lamellae.37-38, 44 380 
 381 
 382 
Fig. 6 Schematic representation of the lamellar structure of sweet potato starch following GBSSI 383 
or SBE downregulation. GBSSI, granule-bound starch synthase I; SBE, starch branching enzyme. 384 
 385 
For the waxy starch, the reduced activity of GBSSI could slow the synthesis of amylose 386 
accordingly, contributing to providing relatively more glucose substrate for soluble SSs to elongate 387 
amylopectin branches. SSI elongates the shortest amylopectin chains with DP 6–7 to form DP ∼9–388 
12 chains.52 SSII elongates the chains from SSI to generate DP < 30 chains and the subsequent 389 
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products are further elongated by SSIII to create long chains (DP higher than 30).53-54 There are 390 
two isoforms for SSII and SSIII, including SSIIa and SSIIIa in storage tissues and SSIIb and SSIIIb 391 
in leave tissues.45 Thus, it can be deduced that SSIII specifically SSIIIa in tuber had a relatively 392 
stronger contribution to the synthesis of amylopectin chains, generating an increased proportion 393 
of long chains with DP 33–100 (shown in Fig. 4). Though the formation of long amylopectin 394 
chains might be also related to the reduced SBE activity,55 the constant activity ratios of SBE:SS 395 
and DBE:SS (discussed in the section on biosynthesis enzyme activities) could make this scenario 396 
insignificant. Regarding the lamellar stacking, it can be proposed that part of the long amylopectin 397 
chains (DP ≥ 33) from enzyme-set (i), actually the so-called single-lamella set,38 could be confined 398 
to the single crystalline lamellae of Type II lamellar structure like the manner of short chains (DP 399 
≤ 32) from enzyme-set (i) to typical Type I lamellae (illustrated in Fig. 6B). Agreeing on this, the 400 
increased lamellar thicknesses such as dc of Type II lamellae (see the section on lamellar 401 
thicknesses) confirmed the need for longer chains packed in Type II single crystalline lamellae. 402 
Again, the rest of long chains from enzyme-set (i) and the long chains from enzyme-set (ii) could 403 
still span more than a single-lamella range like the counterpart chains located in the WT starch. 404 
Hence, this is the first work revealing that the amylopectin chains from enzyme-set (i) might be 405 
classified as three subfractions rather than two subgroups reported previously 38, namely, the short 406 
chains confined to single crystalline lamellae of Type I lamellar structure, the long chains arranged 407 
to thicker single crystalline lamellae of Type II structure, and the long chains protruding single 408 
crystalline lamellae.  409 
For the high-amylose starches, the reduced activity ratios of SBE:SS and DBE:SS (the section 410 
on biosynthesis enzyme activities) altered the chain features and thus the chain assembly in the 411 
lamellar structure. Specifically, SBE has two types, involving SBEI and SBEII preferentially 412 
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transferring the glucan chains of different lengths. SBEI is apt to branch long chains such as 413 
amylose and transfer longer branches; SBEII tends to branch highly-branched amylopectin and 414 
transfer short branches.49 The reduced SBEII expression, with the SSs still elongating amylopectin 415 
chains, certainly hindered the generation of short amylopectin chains (reflected by the shift of the 416 
short chain peak to higher DP values in Fig. 4 in the section on CLD results) but significantly 417 
enhanced the formation of long amylopectin chains (confirmed by the stronger peak for long 418 
chains in Fig. 4). The lowered activity of SBEI and the steady action of GBSS to elongate amylose 419 
chains could allow the synthesis of increased amylose chains probably with higher DP values 420 
(shown in Fig. 4). In addition, the lowered SBE activity with normal SSs including GBSS reduced 421 
the possibility for the generation of improperly positioned chains, weakening the need of DBEs to 422 
trim these chains (see reduced DBE:SS activity ratio in the section on biosynthesis enzyme 423 
activities). Analogous to the lamellae in the waxy starch, Type I lamellae were mainly constructed 424 
by DP ≤ 32 short chains from the single-lamella enzyme-set (i); the right-shifted peak of these 425 
short chains (suggesting an increased average chain length) resulted in the emergence of thickened 426 
crystalline lamellae (an increased dc) constructing the semicrystalline lamellae with a larger d. 427 
Type II crystalline lamellae contained part of long amylopectin chains with DP above 33 to form 428 
the related lamellar structure with an increase average thickness (Fig. 6C). Again, the enhancement 429 
of SBE downregulation could enhance the evolutions in chain features and thus in the lamellar 430 
structural parameters.  431 
To conclude, the downregulated GBSSI or SBE activity could give rise to the formation of 432 
additional semicrystalline lamellae (named Type II) in sweet potato starch, other than the typical 433 
lamellae (Type I) found previously. A fitting approach based on two Gaussian plus Lorentz peak 434 
functions with a power-law function was established to successfully resolve the net lamellar peak 435 
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and its two subpeaks related to Type I and Type II lamellar structures respectively from the whole 436 
SAXS pattern; then, the fine features of the two kinds of amorphous-crystalline lamellae were 437 
disclosed with the linear correlation function. Relative to Type I lamellae, Type II lamellae showed 438 
increases in the average thickness (d) and the thickness distribution width (FWHM), followed by 439 
simultaneously thickened amorphous (da) and crystalline (dc) parts. These lamellar structural 440 
features could be further regulated by simply controlling the enzyme type (e.g., GBSSI and SBE) 441 
for activity downregulation and the activity downregulation degree for a specific enzyme such as 442 
SBE.  443 
Then, the chain length distributions in sweet potato starches and the relative activities of 444 
biosynthetic enzymes were analyzed to help understand how the reduced GBSSI or SBE activity 445 
influences the starch lamellar structure. Note that mainly two starch biosynthetic enzyme-sets, 446 
namely, enzyme-set (i) and enzyme-set (ii), were confirmed to synthesize the glucan chains of 447 
amylopectin. Along with the actions of other biosynthetic enzymes, the decreased GBSSI or SBE 448 
activity tended to relatively increase the amount of amylopectin long chains with a degree of 449 
polymerization (DP) ≥ 33. Part of these long chains from the single-lamella enzyme-set (i) could 450 
be confined to the single crystalline lamella space of Type II lamellar structure, whereas the short 451 
chains of DP ≤ 32 could be aligned within the crystalline parts of Type I lamellae, with the rest 452 
long chains from enzyme-set (i) and the long chains from enzyme-set (ii) located in more than a 453 
single lamella. Hence, this work enables an in-depth understanding of the new lamellar structural 454 
features in sweet potato starch as induced by GBSSI or SBE downregulation, which is valuable 455 
for the rational production of similar starch resources with regulated structure and thus 456 
performance for different food products. 457 
ASSOCIATED CONTENT 458 
Page 26 of 34
ACS Paragon Plus Environment
Journal of Agricultural and Food Chemistry
 27 
Supporting Information (SI) is available free of charge on the ACS Publications website at 459 
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